By introducing an appropriately-defined imbalanced vortical flow as the basic state, our previous 7 study has extended conventional instability theories of balanced flows for meso-scale convection. It Nonlin. Processes Geophys. Discuss.,
such framework. A regular perturbation method on the nonlinear case is performed to have an insight 11 into the triggering mechanism of convection. It seems convection can be triggered in resonance either 12 with imbalance forcing or with nonlinear interaction among different modes. Even if all these cannot 13 happen, an imbalance forcing with strong enough magnitude may eventually trigger convection. These 14 are essentially different from the concept of Liyapunov instability, in which an initial disturbance is 15 necessary. In some simplified but relatively general setting, all modes that may contribute to the 16 structures of meso-scale convection are investigated, including free modes of convection and forced 17 modes of convection/IGWs by imbalance. Particularly, the influences of arbitrary distribution of 18 stratification on qualitative properties of free and forced convection/IGW modes are discussed. Also, 19 approximate forms of forced convection/IGW modes suitable for application are given for horizontally 20 uniform stratification. Finally, to demonstrate the potential application of our theory, the concept of 21 imbalance forcing and balanced flow adjustment is shown to be useful in the understanding of key 22 issues in typhoon study, such as its possible role in typhoon's self-organization, Fujiwhara effect and the 23 relationship between typhoon's asymmetric structure and its track recurvature. 
Introduction

1
Earlier theories attributed the arising of convection to the instabilities of balanced flows such as static 2 instability, symmetric instability and etc. (Hoskins, 1974; Holton, 1992; Xu and Clark, 1985) . However, 3 many issues of convection still cannot be understood within the perspective of instability because of the 4 following reasons. First, since classical theory of instability demands basic state must be a strict solution 5 or exactly balanced flow, previous studies deal with too simple cases of balanced flows (mainly static 6 state or parallel geostrophic flows with vertical/horizontal shears, see Pedlosky, 1979; Drazin, 1981 7 Holton, 1992) to have further applications. In real atmosphere, the instability theory for a general basic 8 state which needs not to be a strict solution or balanced flow is necessary, not only because of the 9 difficulties in ensuring the existence and finding out the exact solution for a general basic state, but also 10 because of the highly imbalanced natures in synoptic systems of meso-scales. Second, meso-scale 11 convection should be considered in the context of its two-way interaction with its basic state of larger 12 scales (Emanuel et al., 1994; Roode et al., 2004) . So, instability with the prescribed basic state as a strict 13 solution of the nonlinear equations of motion cannot be a suitable description for such interaction as 14 disturbance can never react on the basic state under this circumstance. Last, in the sense of classical 15 Liyapunov stability, an extra initial disturbance is necessary for the triggering the instability, while the 16 existence of such disturbance is hard to be identified in real atmosphere which is an ultimate state of 17 long time evolution. 18 Our previous work which was motivated by the expectation to tidy these interconnected issues up, 19 has incorporated meso-scale convective activities in the framework of instability problems of 20 imbalanced basic state defined appropriately as an imbalanced vortical flow (Zhao, et al, 2011) . Both 21 loss of balance and loss of stability and their influences on the onset, development of convective 22 activities had been investigated as a preliminary work. However, investigations on many key issues are 23 still far from sufficient. Some important concepts need to be extended and clarified further and some 24 key specific issues need to be discussed more sufficiently to enhance the framework. Emphases of this 25 Nonlin. Processes Geophys. Discuss., doi:10.5194/npg-2016-6, 2016 Manuscript under review for journal Nonlin. Processes Geophys. Published: 27 January 2016 c Author(s) 2016. CC-BY 3.0 License.
paper are placed on our new progresses in following three issues of convection of imbalanced basic 1 flows: 1) The triggering mechanism of convection, an key issue of convection that still remains unclear 2 partly because the mathematical nature of such issue is not well understood in our previous work. By 3 utilizing a perturbation analysis, an further insight into this issue is conducted and gives interesting new 4 results; 2) We know that free and forced modes of convection and inertia-gravity waves (hereafter, 5 referred as IGWs) are essential to understand the structure of convective activities, whereas the 6 distribution of stratification (stable or unstable) may affect greatly the behaviors of these modes. The 7 situation of horizontally uniform stratification had been considered in our previous work. However, no 8 mathematical way is found to cope with the situation of an arbitrarily distributed stratification so as to 9 draw some general conclusions on these modes. By proposing an linear eigenvalue problem in some 10 simplified but relatively general setting, we give qualitatively resolution to this issue as well as 11 interesting conclusions. We believe these linear modes may serve as the basis to understand the 12 structure of convective activities which is intrinsically nonlinear phenomenon that comprise interaction 13 among a multitude of such linear modes at various scales and is difficult to be dealt with. In addition, 14 we also need to modify the results of horizontally uniform stratification that we obtained previously and 15 transform them into some applicable forms for our subsequent study of application; 3) So far, we don't 16 have an successful example of application to demonstrate the usefulness of our previous theory, for 17 which we choose the study of typhoon properties such as its formation and the relationship between 18 typhoon recurvature and its asymmetric structure as the example. 19 The paper is arranged as follows. In section 2, we give a brief summary of the basic theory and 20 related concepts of our previous study, and provide the basic equations necessary for our further study 21 in this paper. In section 3, as an important aspect of two-way interaction of convection with its 22 environment, triggering mechanism of convection is investigated via a perturbation analysis. We try to 23 find qualitative properties for convection and IGW modes of some general cases in section 4, where a 24 arbitrarily distributed stratification with unstable zone included is assumed. In section 5, we consider the 25 Nonlin. Processes Geophys. Discuss., doi:10.5194/npg-2016-6, 2016 Manuscript under review for journal Nonlin. Processes Geophys. Published: 27 January 2016 c Author(s) 2016. CC-BY 3.0 License. special and solvable case of a horizontally uniform stratification with also unstable zone included is 1 assumed. Rather than only forced convection mode are considered as in Zhao, et al. (2011) , all vertical 2 motions that may contribute to the structure of convection in meso-scale system are given, including 3 those caused by free modes of instabilities, forced convection and IGWs. The approximate forms that 4 are applicable for the straightforward estimation of convection/IGW structures inside and outside a 5 meso-scale system are also derived. In section 6, physical explanations of above results are given so as 6 to tie them with convective activities of various meso-scale synoptic systems in real atmosphere, which 7 may service as a brief direction for the potential application of our theory. Particularly, applications in 8 the explanation of typhoon's structure and motion are provided as an example of detailed study. Section 9 7 is devoted to a summary and conclusions of the whole paper.
10
2 Basic concepts and related equations of the theory 11 The basic equations applicable to meso-scale convection system in our previous study (Zhao, et al, 2011) 
Here, V is the horizontal wind with zonal component u and meridional component v, ω the vertical wind flows. One of the key points of our previous work is that we decompose the phase state S of the dynamical 7 system as below Table I . However, the exactly balanced flows are just particular cases. In a meso-scale system, the basic of imbalanced basic flow on convection seems also to be a forcing by its imbalance. These are even more 22 clearly seen from the quasi-linear version of (1) The homogeneous part of (5) the response to the forcing of an imbalanced basic flows with such apparent instability. On the whole, by 19 using a quasi-linear version of the basic equation, we can decouple instability and response to imbalance.
20
As a result, smaller scale of instability and larger scale imbalance of (ζ , φ) are separated as well. As (ζ , φ) 21 and its imbalanced is mainly at meso-scale, it can serve as a basic flow of the convective activities. 22 3 Triggering of convection and its interaction with basic flow 23 The characters concerning interaction between convection and its basic imbalanced vortical flow depend 24 highly on development stages of convection (Tao et al, 1979 of (ζ , φ) and is the foundation of our application study in this paper.
22
The (approximate) satisfaction of solvability condition (7) also implies equation (1) from, another question leads us to doubt the disturbance-triggered mechanism of convection in real 15 atmosphere is that: instability should develops immediately once the atmosphere become unstable, while it 16 seems instability does not raise until some forcing of uplift strong enough happens in observation. The perturbation solution of equation (1) is written as
Substituting it into (1), we have 7 8 ε 0 :
10 ε 1 : 
Solution of equation at order ε n is a superposition of homogeneous and inhomogeneous solutions, i.e. convection is attributed to the imbalance of the basic state rather than to some initial disturbance from 4 outside. We call this kind of convection without external initial disturbance a spontaneous convection. 4 Some general properties of simplified meso-scale convection system 11 As we have known in above, the relationship between convection and its meso-scale basic flow is where β= y or β= r for balanced parallel geostrophic wind and concentric gradient wind, respectively. And Its homogeneous part is equal to an issue of static instability (IGWs) when σ< 0 ( σ> 0) in some domain 44 of atmosphere. This is a very useful setting in the application study in this paper. So in such a setting, 45 properties of convection/IGWs depend highly on the distribution of σ. We assume both p-and horizontal-dependent σ (x, y, p) in equation (26) In the appendix B of this paper, it is proven that the real and imaginary parts of λ n are
respectively. Here, always find both modes with Re(λ n ) > 0 and modes with Re(λ n ) < 0. We will show below these two 19 Nonlin 
There is a simple way to determine directly the property of a mode n Λ . Since ▽σ is usually very small,
10
Im(λ n ) is also small as compared with Re (λ n ). So by letting Im(λ n )=0, unstable and stable mode given Nonlin as long as Im(λ n )≠0 due to ▽σ≠0. This means IGWs need not to be generated by convective activities, 10 but it is rather generated by the horizontal inhomogeneity of the stratification. For the same reason, 11 convection modes in this case become slowly oscillatory in addition to rapidly growing. 12 Finally, the inhomogeneous part of equation (26) 
Generalization for symmetric inertial instability
21
The results in section 4.1 can be generalized to the case of symmetric inertial instability given jointly 22 by the equation in Similarly, it is easy to show convection modes are defined by eigenvalue problem as below Some procedures analogous to those in section 4.1 give uniform unstable σ in lower atmosphere is a good approximation. 19 Nonlin. Processes Geophys. Discuss., doi:10.5194/npg-2016-6, 2016 Manuscript under review for journal Nonlin. Processes Geophys. Published: 27 January 2016 c Author(s) 2016. CC-BY 3.0 License.
Analytical solution: convection and IGWs
1
By projecting (26) on n P , the vertical modes defined by the eigen-system 2 2 2 ; 0,1 ,2, n n n d P P n dp The growth rate of the free unstable mode is obtained from the dispersion relation as The form of Green function solution in section 5.1 can be transformed into an easier way to estimate the 9 structure outside a meso-scale system. The structure of imbalance forcing ( , ) ς ϕ ℜ might be very complex.
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10
In order to reflect the influence of such asymmetry of ( , ) The mechanism of these phenomena can be again attributed to a process similar to that of typhoon's good way to incorporate these two phenomena into giving a self-consistent explanation. We suppose these 10 facts can be simply explained as below. As is shown in figure 3 , the red solid line with arrow represents the 11 track of a typhoon approaching a warm sea region. The distribution of SST around a warm sea region may 12 cause an averaged gradient of latent heating in the lower atmosphere due to evaporation and sensible 13 heating ones pointing to warm side of SST.
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14 Typhoon may be sustained by latent heating, so the stronger latent heating in the warmer side enhances 15 warmer side of typhoon. As a result, a tendency appears to pull typhoon toward the warmer side of SST.
16
Meanwhile, it also implies that warmer side of typhoon has higher temperature and humidity in lower by compelling typhoon track to follow the SST contour lines around a warm sea region.
21
The averaged vorticity gradient and temperature gradient can change typhoon track jointly, although we increase. Within the framework above, this paper makes progress in following key issues that we failed to 21 cope with previously. 22 Firstly, we have a further insight into the triggering mechanism of convection. A study by regular 23 perturbation method on the nonlinear case is performed for that purpose. It can be concluded that 24 Nonlin. Processes Geophys. Discuss., doi:10.5194/npg-2016-6, 2016 Manuscript under review for journal Nonlin. Processes Geophys. vorticity advection at (x, y) and (-x,-y) are the same, and meanwhile it is also symmetric about two axes. So 12 vorticity advection appears to be primarily a quadrupole structure. 
